State of the art microprocessors -which operate at frequencies in the GHz rangerequire the integration of more than 100 million transistors. As the number of devices increases and the relative feature size becomes smaller, the overall performance of microprocessors is increasingly determined by interconnect design, technology and materials. In particular, Al-based interconnects are being replaced by inlaid Cu due to its higher conductivity and improved electromigration (EM) performance 1 . Nevertheless, EM and stress-induced EM phenomena remain as significant reliability concerns for inlaid Cu interconnects as the dimensions of the interconnect lines continue to shrink. 2 Formation of voids in the Cu lines may be induced by high current densities (electromigration) as well as by normal stresses at interfaces and hydrostatic stress components in the bulk (stress-induced migration). These voids may cause an opening to form in the interconnect, or may increase the net resistance in the line, leading to either malfunction or significant speed degradation. 3 Despite many post-mortem studies of EM test structures, the exact degradation mechanisms during EM and stress-induced migration are still not well understood. 4 To date, there have been some studies of unpassivated interconnect structures, but these are only partially representative of the real behavior in an actual device, as the sample surface becomes a dominant diffusion path and the stress state is altered by the presence of the free surface as well as differences in sample preparation. 5 Our approach here is to perform in-situ experiments on passivated interconnect structures to determine the effect In this Letter, we study void development and dynamics in passivated Cu line / via structures using x-ray microscopy. X-rays can penetrate samples that are many micrometers thick. Additionally, due to their unique interaction with matter, x-rays provide a natural image contrast between different elements, which we exploit to image Cu interconnect lines embedded within SiO 2 .
The test structures used for the EM experiments were located within the scribelines of production wafers. In a first step the lamella was sawed from the wafer using a wire saw. This lamella has to Model calculations show that the number of x-ray photons required to detect voids in Cu interconnects is at a minimum at a photon energy of E Ph =1.8 keV 7 . However, the x-ray microscope XM-1 was designed for imaging samples with soft x-rays below 0.85 keV photon energy. 8 Its x-ray optical setup (which is shown in Fig. 2 ) originally incorporated a Ni mirror operating at fixed angular position of 3 degrees which blocked photons with E Ph ≥ 0.85 keV. In order to extend the usable photon energy range of XM-1 to photon energies of about 1.8 keV, we replaced the Ni mirror by a Ru/Si multilayer mirror, which has 30% reflectivity at E Ph =1.8 keV. This mirror reflects the radiation from the storage ring bending magnet onto a condenser zone plate (CZP) which monochromates the radiation and at the same time illuminates the sample. Because the focal length of zone plates increases linearly with photon energy while the beam divergence is reduced, we used a new CZP with a diameter of 8.5 mm and an outermost zone width of 53 nm for sample illumination with 1.8 keV radiation. To match the geometrical requirements of XM-1 for imaging at E Ph =1.8 keV and to achieve a sufficiently large magnification, we used a bilayer process 9 and e-beam lithography 10 to manufacture new zone plate objectives with 35 nm outermost zone width and a short focal length of only 1.6 mm. The maximum distance from the sample to the detector plane is 2 m and the pixel size of the CCD detector is 24 µm. Under these conditions, the pixel size in the x-ray images is 19 nm, which fits with the obtainable resolution determined by the zone plate objectives of about 40 nm. This failure mode is consistent with theoretical simulations, which reveal that this region is a "weak region" of the via / line structure because of the high local current density. The void that formed during the EM experiment and the barrier layer are clearly visible.
Grain boundaries that lie in positions consistent with the path of the void as it migrated
